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NATIOML ADVISORY COkKITTES FOR AEROITAUTICS 



AD7A1TCE BESTRICTZD REPORT 



AK I^IVSSTIGAiri OIT 01 .UECEAET HEATERS 

XIII - PSHPORKAilCE 0? CORRUGATED AND 

W02TCGRR-J5ATED PLUTSD TYPE EXHAUST 

GAS-AIR HEAT SXCHAJIGSRS 

2y L. k. K. Boe.lt er, A. G. Guibert, 
M, A. Miller, and E. H. Korria. 

SUMMARY 



Thermal and static pressure-drop porformance data 
on three fluted-type heat exchangers are presented. Two 
of the heaters utilized corrugated surfaces alon^;; the 
fluid passages and the third one was c ons t ruct ed "wi th non- 
corru,f,ated surfaces. In these tests all heaters were 
fitted with the same pir shroud. Previously reported data 
taken on the latter heater, "but with a different air shrond 
are coir.pared with the current data, * 

Exhaust-gas rates from 35 00 pounds per hour to C6C0 
pounas p.jr hour and "ont il?,t ing-air rates from 1500 pounds 
per hour to 4700 pounds per hour were used. Pressure- 
drop measurements were made across the exhaust-.-as and 
ventilating-air sides of the axchan-^er under hoth isothermal 
and nonisDthermal conditions. 

The measured thermal outputs and static pressure drops 
are compared with predicted magnitudes. 

IJITRCDUCT I GJT 

Two corru.P:ated fluted type heaters (copper and stain- 
less steel) and another heater of the same t-pe but .-ith 
plain, noncorrugated pass'ages rstainless steel) were tested 
m the large tost stand of the kech.-'nical Engineering L-^b- 
oratorios of the University of Galifornia. Fsee descrip- 
tion ox this test stand in reference 1.) 
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Tliese heaters are designed for use in tho exhaust- 
gas stre:ims of aircraft engines for cabin, win^:, and tail- 
surface heating systems. 

The f ollo\.;ing data •vere obtained: 

1. ' V/ci.^ht rates of exhaust— gas. and ventilating 

a.ir through the two sides of th-.--^ heat ex- 
changer 

2, Temporatur OS of ventilating air and exhaust 
g.aB at entrance and exit of the hea,ter 



3. Te:;:. \..v.:;es of the heater surfp.ces 

4% Static pr es sur e— dr op measurements on the e x— 
haTTst — gas cand vent i la t ing— a ir sides of the 
ho:-, tor under both isothermal a.nd noni g other mal 
f low c end i t i ons , 

S'his report is one of a series of advance restricted 
reports t.hat describe research being conducted on aircraft 
heat exchangers at the Universitj?* of California under the 
sponsorship and v^ith tho financial assistance of the 
ITational Advisory Comi:.ittoe for Aer Oiiaub ics . 



THE TjilSTIHG- PROCiilDUIlE 



Ihe fluted— typo hc:aters tested were all prime—surface 
paral ie 1— f 1 c-.' units. The fliited passages, c on.ri t r uc t e d of 
either copper or stainless steel, are tapered at each end 
of t he h.ea, t er . 

T he c or r uga t e d f lu 'o e d t y po h ea t e r s c on s i s t of 34 
a.ltevnate vent i lat ing— a ir and -oxhaust— gas passages in the 
case of the copper heater and '32 alternate ventilating— 
air and e xhaus t— ^yas passages in th.e case of the stainless- 
steel heater, (See fig. 16n) These passages ^^.re formed 
from sheets of corrxigated metal so that the. distance between 
the walls is coyLstant along the passage, that is, the pas- 
sage is sinuous in character^ The corrugations are spaced f- 
inch apart and are arranged perpendicularly to the direction 
of flow of the fluids. ' . ' " : ■ • 
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2^he heater, c ons triic t e d of noncorru^ated stainless 
steel and containing 32 fluid passages, was also tested 
pre.y-ipusly using a different air shroud. The results of 
"the data ol^tained at that time were reported in referenc-o 
1. The air shroud used in the' tests reported here differs 
frbm the previous one only in the configuration of the in- 
let air duct s • 

Diagrams and photographs of these heaters are shown ., 
in f igur OS .. 1 t 0 • 4 and 16. 

The \\raight rates of exhaust gas and ventilating air 
were ohtained "by means of calihrcited rquaro— edge orifices. 

The exhaust— gas temperatures were measured at the inlet 
and outlet of the heater "by means of shielded, .traversing 
t her liioc ouples • Unshielded, traversing thermocouples were 
used for the vent i.lat ing— a. ir , t emper atur e measur ement s » 

Temperavtur OS of the heater surfaces vrer e ^ measure d at 
six points "by means of ■ ther moc ouple s . (See fig, 16.) 
Three of the thermocouples were located on the ventilating- 
air side of v the heater shdll, near the exhaust— gas inlet — 
the other three thermocouples "being similarly located near 
the exhaust— gas. outlet. The- throe thermocouples in each 
group are spaced at approximately equal inter^'als around 
the circumference. 

The arithmetic average of the readings , of the three 
thermocouples located near the exhaust- gas inlet is de- 
signated as t^, whereas the arithmetic average of the 
readings of the three thermocouples located near the down- 
stream, end of the heater is designated as tg. (See figs, 
1 and 16 and tables I and II.) 

Static pr e s sur e— dr op measur e ji'.ent s wore made across 
the vent ilat ing— a ir and exhaust-gas sidCwS of the heater. 
Two taps, 180'^ apart, -'ore installed at each pressure- 
measuring station. ^ 



ITOTATIOII 



A area of heat . transfer , ft^ 

Ag, total cross-sectional area" of .the passages on the 
vent ilat in, ■':-air side of the hoa t or , -f t ^ 



kg total cross-sectional area of the pas-sage on the 
exhaust— gas side of the heater, ft^ 

Cp^ heat capacity of a ir at constant pressure, 3tu/lb ?T 

heat capacity of exhaust f^^e^s at c ons tan t pr es sur e , 
' 3tu/l>) °r 

D hydraulic diarnr^tor, ft 

hydraulic dia-ioter on vonti lat ing-air. side, it 

hydraulic - on exhaust— ^as side, ft 



f unit thermal convective conductance (av. with length), 
3tu/hr ft-2 0? ■ . ■ ■ 
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±\ unit thersal conrective c ond:.-.ctance for the ventilating 
air (av. v/i th length), Btu/hr ft^ 

f unit thernal convective conductance for the exhaust 
""S gas- (av. with lenf2th), 3tu/hr ft^ 



gravitational force p^.r unit of mass, Ih/ (iTj sec^/ft) 



a veit^ht rate per unit of area, lo/hr ft^ 

&a, v/eight rate per unit of area for vontilating air'.,.. 
ih/hr ft^ 

'';ei;:-^ht rate per unit of area for exhaust' .L::as , l"^o/hr ft 

K isothermal p-^ ' e drop factor defined "by the • • 

e q,ua t i o n — K 

Y 2g 

I 's i,:^nif ican t dimension in eai-at ions -f or f^ along flat 
plate , ft 

1 lengtli of heat transfer surface, ft 
P heat transfer perimeter, ft 

a, measured rate of enthalpy change of :u^ent ila t ing air, 
Btu/hr or k Btu/hr (- 1000 }3tu/hr)*^ 

q measured rate of enthalpy chan(=;;e of exhaust gas, 
S 3tu/hr or k Btu/hr (= 1000 Btu/hr)* 
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* kBtu designates kilo "btu. 
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t 1 arithmetic average of three surface temperature 

measurements taken near the e xho.us t— {^-a s inlet, 

t^ arithmetic average of three -surface teraperature 

measurements taken near the exhaust— gas outlet, ? 

arithmetic average mixe d— mean a"bs olute temperature 

a 

T T 

of ventilating air .= -^lii — ^ + 460, ^R* • 

T^^ arithmetic average mixed— mean al)Solute tem-oerature 

* of fluid = — — 

"T^ arithmetic aveT.a'e^e ^mixed-^mean absolute temperature 

of exhaust gas = + .46 0, B 

2 

T 2^ mixed— mean absolute temperature of • f luid at entrance 

section (point l), ^R 

mixed— mean absolute temperature of fluid at exit 
sect ion (point £), 

^iso mixed— mean abs olute temperature of fluid for iso- 
thermal pressure drop tests, 

mean ve locity .of fluid at minimum cr oss— sect ional 
area of. fluid- passages. , ft/sec 

IT ■ over— all unit, therr^l conductance^, Btu/hr ft^ '^J 

(UA) over-all t..h.rir m'al • c onduatance , Btu/hr 

V v/eight rc>.te of fluid, Ib/hr . ^- 
WQight rate of air, Ib/hr 

V v/eight.' rate of exhaust gas , Ib/hr: 

Yi v/eight density of fluid at entrance to heating 

section; (point 1 ) , • Ib/f t • • 

AP static pressure drop, lb/ft ^ 

APg^ total static pressure drop 'on vent ilat ing— air 

side, lb/ ft 2 
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AP total static pressure drop on vent i lat ing-a ir 
s ide , inclie s HgO 

AP^ total static r^ressure drop on exhaust— ^^as side,.- 

^ Ib/ft^ 

AP ^ total static pressure drop on e ^chau s t-^gas side, 



inches HoO 



^^duct isothermal static pressure drop along inlet and 
outlet ducts ..of the air shroud, lli/ft^ 

^•^htr isothermal static pressure drop along the heater 
passafres only, Ih/ft^ 

APj_30 total isotherr.-al static pressure drop along heater 
and ducts at temperature .^iso» Ih/ft^ 

t, isothermal friction factor defined hy the eoLua- 

1 s o 



AP L uni^ 

tion, — = i -r — 



At^.^ logarithmic mean temperature difference defined 

"by eq,uation (4) > ^P 



ATg^ difference l>etween mixed— mean temperature of 

vent i lat in^?' air at s ec t i ons def ined *by points 
1 and 2 (T^^ - T^^) , ^- 

AT ^ difference 'oetv/oen mixed— mean t empera t\ir (?. s of 

^ exhaust gas at sections defined hy -ooints 

1 and 2 = (T - T ) ,05^ 

viscosity of fluid, lb soc/ft^ 

Tq^ mixed— mean temperature of ventilating air at 

entra.nce section (point 1 ) , ^P 

mi:ced-mean temperature of ventilating air at . 
exit section, (point 2), ^P • 

T^^. mixed— mean t e mper -^^'t ur e ^ of exhaust gas at entrance 

'■^ section (jjoint l), P 

mixed— mean temioerature of exhaust gas at exit 
section (point 2), "^P 

Re Reynolds number = G-I)/5600 M,g 
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METHOD OF ANALYSIS 
Hes.t Transfer 



The thermal output of the heaters vras determined 
"by the enthalpy chanf;e of the rentilating air: 



Pa ^1 

in v/hich c was evaluated at the arithmetic av.^.ra^e 
•^a 

ventilating—air tcmporature as a gooci appr oxiiaat ion. A 
plot of against at 'constant values of the 

exhaust-gas rate ^) is shov/n in figures 6 and 10^ 
On the exhaust—gas side ox the heater: 



v/hore c v;as evaluated for air at the arithnir^tic avera,.'-e 
exha.ust— gas temperature". 

?he over-all thermal conductance UA was evaluated 
from the expression 

0 (UA) Ati^ (3) 

. a I. 

where Atj^^ is the log-mean temperature difference 
define'd ty the equation 



^^Jr.i = (4) 

The variations of UA with W and W are shown 

graphically in figures 7 and IT. The tormal output' of 
the heater for values of A t j ... ether than those used here 
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may "be predicted 1d7 detornining UA at the actual weight 
rates from figures 7 and 11 and usin^ these magnitudes in 
e a nation (s)* 

Predictions of the magnitudes of the ov-^r— all thermal 
conductance (UA) v/ero attempted^ The exvr-ssion 



JA = . (5) 



v/as ured (reference 3, eciuation (4)). 

The heat transfer area (A ) is- "based upon the heat 
transf'-^-r perimeter measured at the'.'center of the fullv 
fluted section of the heater and upon .a length which 
consist?! of that of the fully fluted center section plu.s 
one half the length of each of the tapered ends. S'or 
example, in thd case of the s ta i nl e s s ' s t e e 1 noncorr U;-:at ed 
heater (see data on fig. 16): 

Length of f ul ly f lut e d s e c t i on , 0.917 ft 

Length of r>ach tapered end, 0,354 ft 

Heat transfer perimeter at section A~^ , 5. -6 ft = F 
The oo^uivalent l'':nAth of heat transfer surface is then 

0o354 0,3 54 
L = • + 0,917 + = 1*27 ft 

2 2 

Keat transfer are^, A = ? L ^ 5.66 X 1,37 = 7. IS f.t^ 

The choice of this length is somov/hat arhitrary "but 
it prohaDly yields a c onservca t ive value of the over— all 
thermal conductance (UA), 

The unit ther::ial conducto^nces f^ and f ^ on the 

^a Cg 

vent i - -—a ir and e::haus t— gas" sides, respectively, are 
evalu t h.e following- equations: 



*See alternate method for computing heater output for the 
case v/hen only the initial t e.np'- r atur e s of the- air and gas 
are knov/n (reference 12). 
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(a) For thn stainless stoel none or ru{:a t ed fluted 
heater 



0 • 8 



= 5.56 X ^-.-^ '(6) 



a n d 



Cr.. . a Pi 0 - 2 

•^a 



= 5.56 X 10-* ! "-^^^-Vrs- (7) 



in v:hich D is the hydraulic diameter. Chese equations 
are valid for the calculation of the unit thermal conduc- 
tance (f^) for forced convection -in smooth, straij^ht ducts' 
in. v/hiph" the' flui-d and heat— flow :necha.nisms correspond to 
tliosG in the turbulent regime.* The values of the thermal 
resistances (l/fcA)^^^ and (l/f^^A)^ can also "be obtained 

"by use of chart B of references 1 and 2, (Soe reference 
2 for the derivation of eq^uations (g) and (?)•) 

(h) For the copper and stainless steel corrug'ated 
f luted heat er s : 



0,8 



= 9.36 X 10- -r^ ----- (8) 

a ' I O • c; 



a.nd 



^ 0^ G 



I'hr^-se expressions are based on data for heat transfer 
by forced convection over flat plates of length I, measured 
in the direction of the flow of the fluid* Equations (s) 
and (9) are va,lid only in the re^^ion dov^nstream from the 
point vfherc the flow in the retarded layer along the. plate 
has changed from laminar to turbulent flov,^. The flov; in 



*See Eisciission of this report for comment on effect of 
diameter to length ratio for ducts or channels. 
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*he retarded layer near the leading edge of thq plate is 
usually laninar , in v/hich case the unit thermal conduc- 
tance (f^) is a function of the 0.5 pov;er of G and of 
the —0*5 pov;er of I. 

^he use of these equations, "based on flat-plate heat- 
transfer data long the corrugated passages of the heaters 
tested, implies that a retarded layer is initiated at the 
crest of each corrugation "because the value of the r^ignif- 
icant dimension I was taken to he finch, the distance 
Detv/een successive crests of the corrugated passages. 



Sample Calculation of (UA) • 

(Por run 49 on noncorruga t ed fluted type he? tor. 
Data from table I and figo 15.) 

^0*8 

(a) Computation of f^ = 5.56 X 10""^ T ^•^^^^x~- 

^a a o , 2 



a 



3 

a 



98^ + 252'' 

~ + 4G0° = 635^ H 



^ ^''a 45 5 0 Ih/hr 

^•^ ~ -—^-^ = 40,600 Ih/hr ft' 



r: 4 X 4x 0.05 8 9 ft 

v;etted perimeter 7.60 
- 5.56 X 10 (r>c5) X il£jl2:i£i 



(0.0589)^^^ 
:.0 Btu/hr ft^ '^'P 



n O . Q 



Co) Conputation of f =5.56 X 10~ ? ° ^ ^ x 
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„ 1420O + 1372° , ^0 
5 = + 460° = 1850° R 



S 2 



^ 0.194 it2 ' 



0.194 

Dg = 4 X §. 4 X = 0.101 ft 

v/ettod perimeter. 7«68 



= 5.56 X 10--^ (l850)'-"'%iMj.l2£L 
^ (0.101)°' 



= 34,0 Btu/hr ft^ °P 



(c) Computation of UA = — 



A = 7.19 ft' 



UA = 



1 _^ 1_ 0.0C435+ 0.00400 

32. 0 X 7 .19 34.8 X 7.13 



0. CC835 
. UA = 120 ?tu/hr ^S' 

The ^-alue of UA ootained fro?.v the laboratory nieas- 
ureiiients of was (see fig, 7): 



UA = -~- = 170.000 Btu/hr 
^^"Ini 1130°? 



= 150 5tu/hr F 
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Percent deviation of the predicted magnitude from 
the measured magnitude was —20 percent. 

Pressure Drop 

Isothermal Pressure Drop,— Because of the complex 
cur va tur~of ™he~TnTe^ and~'outlet vent i lat ing— a ir ducts, 
the isothoriTial pressure drop t hr ough -thes-e- -due ts could 
not "be predict ed sat isf act or ily» Horever , due to the fact 
that these inlet and outlet ducts were used with "ooth the 
plain and corrugated fluted type heaters, the influence 
of the corrugations of. the. heater r.iotal upon the pressure 
drop alon,;^* the fluid passages could "be determined from the 
total iueasured pressure drop along "both the heater and air 
due t s ♦ 

The isothornal pressure drops through tjie corrugated* 
fluted passages on the air side of the heater ^vrere calcu- 
lated in the follov/ing nianner: 

(a) .The pres-sur.e drop along the air passa'^gcs 
of the plaiii, uncorrugated fluted pas- 
sages wa.s calculated -.-.eans of the 
equat ion- 

^^htr 9 L um^ ^ ^ 

---=^30 5 ^7 (10) 



v;hero ^ a ^ r, taken as "the friction 

ISO 

fact or for- c'Omr.iei'* c ial tuoes • 

(h) This prescT.ure drop v/as su"btracted from 

the total drop in pressure avcroos the 
heater (AP^^,^) to o"btai2a the losses 

in the inlet and outlet ducts 



AP = AP -AP, (11 ) 

.duct iso htr ^ ^ 

(c) Since the sa.ue inlet and outlet ducts v-^ere 

also \ised on the oorrugatevi f l-uted heaters , 
the d\ict losres calculated from equation 
(ll) 'ising the :rieasur ement s on the non— 
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corrugated flutod unit v/ero huTd tract ed from 
the total moasured -prcsssure drop across the 
corrugated fluted heater yielding approxi-' . 
mately* tho ' pre s sur e drop in the corrugated 
air passages 0 Thus equation (ll) v;as used 
to compute the pressure drop along the air 
passages of the corrugated fluted hp.aters* 

■(d) The friction factor v/as then ol-tainod from 
equat ion (lO), 

In this, manner the friction factor ^ir^o ^ 

corrugated surfaces vras computed and is tabulated in 
tahlos III and lY • 

In order to utilise existing data for fittinf.s, and 
so "forth, for the estimavtion. of the pressure drop in the 
o.ir' ducts, equation (lO) is uoed in the form 



In the case of the frictional pressure dr O'p in straight 
duct 3 , 



By evaluating the magnitude of K la equation (l3) for 
the complex inlet and outlet air ducts, it r/as found that 
the pressure drop through these c-.'ucts could he calculated 
approximately "by using a value of K = 1.0 to 1^5, corre- 
sponding to sharp 90^ "bends, (See references 4 to S.) 
Hence, the function of these ducts in conducting the 
vent ilat ing— air throiigh the heater passages is approxi— . 
mately that of a 90^ oend. 

On tJie exhaust-gas side cf the heaters, the isothermal 
friction factor ^^^q was calculated "by means of equation 

flO), In this cas-e, ^^iso ~ ^^htr "because the pressure drop 
along the ducts leading to and from the heater was negligible 
compared to that along the fluted exhaust— gas passages. 

*It should "be j::tated that the pressure drop along the air out- 
let duct ma,y not be the same when used in the corrugated and 
noncorrugat ed units "because the heater passages affect tne flow 
conditions at the entrance to the outlet air^duct. 



AP 

— = K 
V 



(12) 




(13) 
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KoFxis cthernal pressure drop^— The nonis other mal 

sta.tic pressure drop of either fluid through oho heo.t 
exchanger v/as predicted from isothermal measurements hy 
means of equation (o) of reference !• 



= AF . / + f — ^ ! f ^ ^ 1 I (14) 

^ 1 s 0 > . 



in v/hich ^^^iso ~s the total measured isothermal static 
press-j.re dr oij (due to friction alone) at temperature 
^iso» ^' 1 '^^'^^ ^""^ ^ "^^^^ mixed— mean alDGolute t.cmpera tur e s 

of the fluid at the inlet and outlet of the hf>ater, respec 
tivel7, Tav is the arithmetic avera.;Te of and 
G is the fluid rate per u:iit cr os ^3— s.e c t i ona 1 area and 
is the v/ei^ht density, evaluated at temper?. ture^ T 1 of th 
fluid at the inlet to the heater. 

A comparison of measured and predicted nonis other mal 
pressi.ire drops across each side of the heater is presented 
in talDies V and VI and is shov/n ^--raphical ly in figures 8, 
9 , 12 , 13 , and 14. 

Heat transfer and pr e s sur e-- dr op data for the throe 
heat exchan^.;ers arc presented in to.hles I and II» 



DISCU3SI01T 



The resulbs of the tests on the three fluted—typo 
heat exchangers are.Si>ov;n graphically. Tho results 00 — 
tained for the plain— fluted heater are given in figures 
6 to 9 and t.hOi::e for the two corre gated fluted heaters 
(stainless steel and copper) are given in figures 10 
to 14. 

The c orr e sp" niing physical d i r?n 3 i on s of all three 
heaters are approximately equal. However, the depth of- 
the vent ilat ing— air passages v/as slightly les.s for the 
corrugated fluted heaters. Also,' the 'stainless steel 
corrugated- fluted hea t e r c on s i s t ed of sixteen air -^Dassages 
which is the same as the plain fluted heater; whereas, the 
other corrugated fluted heater, consti^ucted of copper, con 
tained seventeen air passages. 
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Comparison of Results on Hone orruga t od Heater 

Using Two Different Air Shrouds 

Ihe same air shroud \vas used in all of the tests 
reported here. A comparison can "be made, however, 'Detv/een 
the present results in the case of the plain fluted heater 
and those reported for the same heater in reference 1. In 
the latter experiments a longer air shroud v^as used which 
afforded the same cross-sectional area for the flow of 
ventilating air "but had longer inlet and outlet ducts, thus 
prohahly yielding more even distrihution of air flow (al- 
though an analysis of the measurements .of surface temp, near 
the ends of the heater did not indicate any large difference 
in the performance in this respect for the two air shrouds). 
Because the flov/ areas v/ere eqiiivalent , the rates of heat 
transfer were aUout the same for the heater using either 
shroud (compare fig. G of this report to fig. 21 of refer- 
ence l). However, the isothermal pressure drop was almost 
douoled in the case of the air shroud with the shorter in- 
let and outlet ducts. All of this increase in pressure 
drop can he ascrihed to the greater curvature of the ducts, 
in which the air is turned in order to flow through the 
air passa,ges. 

Thus, it may he said that if the longer air shroud 
wer e als 0 \ised on the corrugated fluted heaters, the rates 
of heat transfer would he ahout the same as for the shorter 
shroud hut the pressure drops would he' decreased appreciahly. 
It is undcuDtediy true that in ma.ny actual installations a 
limited space would not permit the use of the longer (lower- 
pressure drop) air shroud.- 



• Heat -ransfer 

A comparison of the results on the three heaters using 
the shorter (higher-pressure drop) air shrcud reveals that 
the use of corrugated fluted passages yields thermal con- 
ductances approximately 45 percent greater than those oh— 
tained with the plain, none orrugat ed passages. (Compare 
figs* 7 and 11.) The rates of heat transfer for the two 
corrugated fluted heat.-rs were ahout equal, although the 
copper heater heat-transfer area './as s 1 ight ly greater due 
to the additi.onal air passage. 

1 . Z^il c 0 r r ui^a t_^ d_f 1 u . - The predicted over- 

all therm.al conductance for the p.lain fluted heater v/as 
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20 to 25 percent lov/er than the value based upon computa- 
tions 01 laljoratory :-::easur enent s • (See fi^', ?•)" Fart 
01 this discrepancy is due to the inahility to predict 
the mechanisn-is of hoat transfer a^lon?^* the tapered ends of 
the fluted pas sagos « A heat— tran sf er niBchanisrn equivalent 
to that r-lon ' the fully fluted center section of the -heater 
v/as used ale:; ^ tape.red ends in the predic»-tion calcula.— 

t'ions. Ecuati..:, (b) and (?), used in the prediction of 
(UA) ►for the plain fluted heater," are "based" on data taken 
in SiVio"oth ducts v;hero the hydraiilic dia-neter of the passage 
ir ■ ^\ r. -3 the 5 i f'n if i ca nt diuensi^'h The use of t'he 

J (l + 1.1 D/L) in equations (g) and (?) to account 
for- zhe hijj'her unit ' r^.l conductance near "the en-tr ance'-'of 

a tu'he or channel v/ou... ..avo yielded magnitudes of (UA) 
■alDOut ? percent higher than t h os e which' wer e obtained v/ith— 
■out cinplo3^ing this correction.* (See appo"ndix of reference 
9 f or a discussion :'f x-his correction.) 

•^•^ C or r -:/.■'-, - f lut e d heater s .— T-Iie predicted over- 
all t/'.-^-^ •-.1 c o:i::uc-:.ar.ces TuaT for the corrugated fluted 
heatn ree veil (v/ithin 10 p-?rcent) v/ith the values 

derived j."ror. laoora^tory ir.easur ement s • •* In these calcula— 
*tions the unit' thermal conductance (f^) on either side of 
the heater was calculated hy means of eqU:.%tions (s) "and 
(9), v/hich are hased on hoat— transfer data fro^.:i siviooth 
flat plates. The value of the significant dirnonsicn I 
v/as taken to oe the distance hetv/een successive c-rests of 
the corrugations (i.e., the wave length, 4 in.)". This choice 
'is eo^uivalent to stat'jng tliat a retarded layer is initiated 
at the crost 01 cac:-. corrugation along the vails of the 
fluid, passages and, thorefore, the mechanism of heat trans- 
fer is the sarae as that along successive idealized flat 
plates. The use of the multiplier (l'+ 1.1 D/L) is not 
necessary for eoiiations (S) and (9), v;hich evalua.te the 
avora.ge unit thermal conductance f or the length It 
shoiild also oe stated that equations (s) and (9) should ho 
used in regions of systems in v^hich the retarded layer has 
changed from I-::' m;-. nr.r to tu-'bulont flov/. Thus the equations 
are- more av.plicacl? for long, flat plates, over \\^hich the 
la\^inar '^^'-d layer adjacent to the leading edge does 

not oxt o:..L^ c.i ong an approciahle portion of the flat plat'e^ 
The' curvp.ture- of t he " c or ruga t e d passages in this case pr oh — 
ahly maintains a" turhulont retarded la}" or rather than a* 
laminar layer. 



*Lahoratory oxp ';r i^.o nt s are nov/ hei^ig conducted in order 
to determine the validity of this correction factor, 
**3quations (s) and (.9)- are u?;ed v:ithv-ut a correction factor 
for the D/L effect hecausc the" unit thermal' concUictance is 
expressed as a function of I • 
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Isothermal Static Pressure DroT) 

♦ Prf f IT:^-r e_dr op s _ t hrourh_h - The -or e ^ i: r e 

dvoT) alonfy the air si'le of thr- corrnr^tpci flute^^ heater 
was 65 percent jp'reater then th.^t alon^ the air side of 
th^ noncorrur^-^t ed heater. On the exhatis t-x-as side the 
corr-ST)ondinr inc>^ease v.as a"boiit 1"^0 "oercent. The frac- 
tional increase in Dresqure droTD on the air side was les^ 
than that on the gas side "becausr the losses in the air 
inlet and outlet ducts were al-out one-ha]f the total loss 
and were the -^arre on "both the corru^at^ri and no n c or rup^a t ed 
fluted- heaters. 

The a^cr-enent between the isothermal friction factor 
Mso exhaust -^'-'•as side of the he-^-'t-r, "based on 

lalDoratory measurements, and that taken for commerci-il 
tuhing is excellent, ( 3ee fi^. IR.) Th: s indicates th-'U 
the method described ahove for the calculation of the 
static pressure droT:» through the inlet and outlet air duct^; 
namely, suIds t ract ing the ov-r-all static rr-s^-^ur^ dro-n ^lonr 
the air • r.as sa^es (comnuted from commerci-a tuhe friction 
factor data) from the total r^r-sr.ure drop across the ducts 
and the heater, is probably adequate. 

If the magnitude of the Reynolds num'^-'^-r v^ere the 
same on both side^ of the two cor-ur-^ted flut^-d heaters, 
the m-gnitude 0:' the friction" f-ctor t^^^ for the corru- 
.Tated passages would be. bout the s^me. A.n irsr^-ction of 
t-'.bles III and IV and figure IR r^ve«ls thi--- to be^^p-nroxi- 
matply^true. Th- fact th--t the ^as and air T.«c,c5ap^^ .^re not 
alike in sha-ne, that the -^a^c^ag^s r v t-^-n^red t e^^ch ^-"^nd 
^-ind that all of the wetted --rim-t-r on th= air sid- does' 
not cont--in corrugations could account for th" d if '■"'^r^nces 
found. A calculation of the i s o t h er m « 1 - f r i c t i 0 n factor 
from the data of llorris and ^Dof^-ord (ref er^-'^nce 1^) for 
similarly sh^-^iDed corrugated surfaces r -r^-^^^-^?? 1 e d a vnii^io of 
^iso ~ ^-lOo at a ma/rnitude of "Reynolds number o 12 Uc^- . 
At^th- lowest weight r-^te us.d in the tests describ-^d in 
tnis report (Reynolds number = l^-.OOO) the friction factor 
was enuPl to O.lir^ for the corner corrugat-d flut d heater 
.'^.nd 0.137 for the s t ai nl .- s s - s t e e 1 heat-r. ^h- Revnol-^s 
number wa. pvaluated by using the hydraulic diameter for 
tne significant dimension D. A simil/^ir valu- of t^^ 
was obtained for the sinuous rassag-s or) the air sid-'of 
a cro3s-f low-ty-e h-ator. describpd in reference 11. 
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2. Pressure drop through air ducts.— The complex 

shape of the inlot and outlet air ducts does not permit 
a siiirole predictLon of the isothermal pressure drop 
throui;;h those units. In the expression 

^ . K ^51- (13 ) 

y 2g 

a value of K ^qual to aboiit 1.0 to l.o was found to 
"be appropriate in calculating the duct losses* This 
nagnioude of K is ecuivalont to that used in computing 
the pressure drop along a 90^ olhow, Xvhich the ducts 
r e s e mh 1 e . 



• ilonis other mal Static-Pressure Drop 

The prediction of the nonis other;mal s t a t i c-^pr e s s ur o 
drop from the measured isothermal pr cs sur o - dr op , oy moans 
of equation (14) , was succe^sfixl in all hut one instance, 
(See figs. 8, 9, 12, 13, and 14.) 

The slopes of the noni s other mal pressure drop against 
weight— rate curves are greater tjian the isothermal curves 
when the fluid is cooled (gas side) and less v/.hen -the fluid 
is heated (air side). An inspection of oqu'^ti on (l4) re- 
veals the "basis for those facts. 



Heater S v.t f a c o To ycro er a t ur e s 



The heater surface t emper atur o s (see taoles I and 
II) appear to ho lo'-.-or for the runs or: the stainless- 
steel heaters than for those on- trie copper heater. The 
difficulties oncountorod in ohtaining temperature measure- 
ments hv the use of thermocouples might account for this 
deviation. 



COrCLUSIOlTS 



1. The thermal performance of the noncor rugatcd 
fluted heater can he predicted to v/ithin 20 to 25 percent 
hy yneans of oauations (s), (g), and (?), hased on heat- 
transfer data of S'uooth ducts. 
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2« 'The thermal performance of the corru.^atod fluted 
heaters can ho predicted to within 5 to 10 percent "by 
moans of oaiiations (5), (s), and (9),'hascd on heat— 
transfer- data of flat plates, using the v/avc. lenth of 
the corrugations .as the equivalent flat— plat e. length, 

3, • 'Tb.o- n onis ot her mal pressure drop of all the 
heaters can oo a dequa t ely ■ pr edic t e d from the isothermal 
pressure drop hy means of equation (l4), 

4e The hoa.ters constructed ii/itji corrugated passages 
instead of pla in. pas sagos yielded ahout 45 percent higher 
rates of heat transfer hut increased the pressure drop 
"by aoout 65 percent on the air side and "by ahout 130 per- 
cent on the exhaust— gas side of the heater, 

5, -The isothermal friction factor along the corru- 
gated passages vras t-./o to three times that for the plain 
pas sagos • 

6m The inlet and outlet air ducts accounted for 
ahout 85 percent of the toto.! measured isothermal pressure 
drop in the case of the none orruga t ed heater and about 50 
percent in the case of the corrugated heater. 

?♦ The heat— transfer rater, and pressure drops v;ere 
approximately equal for the two corrugated fluted heaters 
(copper an d s ta inle s s s t e e 1 ) , 

8. The use of an air shroud v/ith ahrupt inlet and 
outlet ducts on the plain fluted heater yielded the same 
rates of heat transfer "but 100 percent grea^ter pressure 
drops than did the use of a shroud v;ith longer inlet and 
outlet ducts. 

University of California, 
Serkeley, Calif, 



20 



1. 30-elter. L. k, IC, , .lailer , .K. A.., Sharp, W. K.., Morrin, 

h[ . Iversen, K. V/, . and kason, W. E. : An Invest!- 
.o;a.tiori of Aircraft Heaters, IX keasured and Pre- 
dicted Performance of Tv/o Exhaust Gas-Air Keat Ex- 
chan^-ers and an Apparatus for Evaluat in.q: Exhaus t Gas- 
Air Exchangers. ]^ACA A.3,H,, harch 1^43, 

2. Martinr^lli, H. C., Weinberg, E. 3., korrin, E. , and 

Boelter, L. Vi. : An Investigation of Aircraft 
Heaters. Ill - keasured and Pr ed i c t ed Pe r f orm anc e of 
Double Tube Keat Exchan<^e:er s , NACA A.R.H., October 1^42, 

3. kartinellij R. C,, Weinberg, E. 3., korrin, H. , and 

Boelter, L. k. K,: An Inves t i,e;a t i on of Aircraft 
Heaters, IV - Measured and Predicted Performance of 
Lon::-itudinall7 Einned Tubes. ]::ACA A, R . H. , October 1^42. 

4. O^Brien, korrough P., and Hickox, George, H. : Applied 

kechanics. kcGraw-Hill Bock Co,, IMew York, 
1^37, pp. 211, 350. 

5. Committee A~9 Aircraft Air Conditioning EcLuipment : Air- 

plane Heatin-: and Ventilating Equipment^ Engineering 
Data. 3 AS Jour., J.-nuar:/ 1-^43, 

G. D:\ufherty, R„ L.s Eydraailicco A 2est oji Practical , 
Eluid Mechanics. McCr aw-IIi 11 Book Co., I:Tew York, 
IT, Y, , 193? , p . 3"'- 3 . 

Gibson, A. II.: H.ydrauliC'S "and its Application. 3. 

Van ilostrand Coc , Kev; York, Y., 1^35, pp. 251-255. 

B. Dod;^;e, R-issell A., and Thc-ipeon, I-Iilton J.: Fluid 

Ilechanics* McGraw-Hill Book Co., Hew York, N. Y. , 
195?, pp. .215-21G. ■ * ■' * 

9* Boelter, L. 11. K., Dennic-on, II. G., Guibert, A. G,, 
and ilorriu, Eo He'. An I nv e s t i ,;;a t i on of Aircraft 
Heaters. X - ileasured and Predicted Performance 
of a Eluted-'Type Exhaust Gas and Air I-Ieat Exchanger, 
KACA k.R.R.^ March 1943. . . 

10. ITorris, R. H. , and Spofford, VT. A. Hi^L-Perf or mance 
Eina for Hoat Tr-vnsi (^.r . Iran?.. A,S/IUE., vol* G4, 
no. 5, Jul;; 1942, pp. 439-^496. 



21 



11. Boelter, L, H. K., Dennis on, H. G-., a\iiT:ert, A, 0., 

and Horrin, S« : An Investigation of Aircraft 
Heaters. XII — Perf or ynance of a ? or nied— Plat e 
Crossflov/ Sxhaust-G-as and Air Heat Exchan^;er. 
ITACA A.R.E., May 194?. 

12. Martinolli, R* C., Morrin, 3. H. , and Boelter, 

M. K,: An Invo s t ijq;at i on of Aircraft Heaters. 
VI — Heat Transfer So^uatlons for the Sin^^le 
Pass Longitudinal ."Sxchan^^er . ITACA A ,H .H » , 
DecemlDer 1942. 



TABLE L- EXPERIMENTAL RESULTS ON NON CORRUGATED TYPE HEATER 





^ AIR-SIDE ^ 






HEATER 
TFMPS 


OVERALL 




























Run 

Mo. 


•f 


•f 


•f 


lb 
hr 


Ml a 
IncK^S 


a 

K-BlM 
hr 


T 


T 


r 


lb 
hr 


AP5 

Inches 
H2O 


ICBiM 
hr 


t. 

•f 


•f 


•f 


(UA) 






252 


154' 


4S50 


20.3 


/70 


/420 


/372 


48 


6670 


4J7 


88/ 


0.52 


528 


546 


//30 


/SO 


SO 


/oo 


297 


197 


2970 


9.88 


/42 


/407 


/36a 


39 


6630 


465 


7// 


0 50 


644 


659 


/I90 


/20 


Si 


/oo 


376 


276 


/6/0 


336 


/08 


/428 


/390 


38 


66/0 


452 


69/ 


0.64 


7^/ 


834 


/no 


92.5 


5A 


/oo 


236 


/36 


47 OO 


20./ 


/SS 


/4/S 


/3SS 


60 


4840 


2.54 


80. / 


0.5Z 


466 


S04 


/220 


/27 


S3 


/02 


283 


IBI 


3000 


9.70 


/32 


/438 


/372 


66 


4840 


2. SO 


878 


0.67 


586 


609 


/2/0 


/09 


S2 


/OO 


353 


253 


/6/0 


331 


98,6 


/407 


/372 


35 


4850 


2.72 


^6.7 


0.47 


7/4- 


769 


//70 


845 


ss 


99 


2ZO 


/2f 


4650 


200 


/36 


/424 


/342 


82 


3590 


A32 


8/.0 


0.60 


4/7 


44/ 


/230 


/// 


SB 


ioj 


264 


/6/ 


297S 


9.30 


//6 


/4/5 


/35S 


60 


3560 


/.42 


588 


O.SI 


526 


545 


/205 


96,5 


S7 


/OS 


33/ 


228 


/620 


330 


895 


/424 


/364 


60 


3560 


A43 


58.8 


0.66 


667 


66 7 


//70 


76.5 
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TABLE n.- EXPERIMENTAL RESULTS ON CORRUGATED- FLUTE TYPE HEATER 



I. COPPER CONSTRUCTION 



Run 
No. 






-AIR- 


SIDE 








E 


XHAUST-GAS 


SIDE 






HEATER 
TEMPS. 


OVERALL 
PERFORMANCE 




















^ 


Ta. 


T 


T 


Ik 
ID 

hr 


Inches 


1/ R-fii 
K. DXU 

hr 


r 


r 


AT, 

T 


lb 


Inches 
HiO 


K. BtU 

hr 


t. 
T 


u 
°r 




(UA) 

8tu 

hr^F 


S 


/O^ 




23S 


3700 


^2. 7 


228 


/424 


/32I 


/OO 


6620 


/2./ 


/82 


O.8O 


7/6 


704 


J/30 


202 


10 


/06 


426 


320 


2500 


/2.I 


/94 


/442 


/334 


/OS 


6360 


//9 


/94 


A 00 


8/6 




///O 


/7S 


II 


/// 


5/9 


40S 


/5SO 


S.72 


/33 


/442 


/377 


6S 


6320 


/2.3 


99 


0.6 3 


929 


946 


/090 


/40 




no 


322 


2/2 


3800 


22.0 


/93 


/429 


/300 


/29 


4886 


7,20 


/74 


0.83 


6Z8 


623 


//40 


/7/ 


/J 


//2 


383 


Z7/ 


2580 


//3 


/70 


/403 


/2S3 


/08 


4886 


6.88 


/45 


0 83 


7/7 


720 


/O90 


/S6 


/z 


I/O 


4^67 


337 


/SSO 


S.33 


/34 


/39a 


13/2 


86 


4886 


7.00 


//6 


OS 6 


833 


849 


/060 


/27 


/5 


/09 


J29/ 


/82 


3830 


2/9 


/70 


/4// 


/263 


/46 


3368 


4JS 


/43 


0.84 


35S 


343 


//SO 


/SO 


16 


/// 


357 


24€> 


2530 


//.4 


/3'/ 


/420 


/282 


/38 


3378 


4.00 


/36 


0.90 


338 


662 


///O 


/36 


17 


//2 


444 


332 


/S30 


3,03 


/23 


/433 


/32/ 


//2 


3368 


383 


JIO 


ass 


786 


798 


/O90 


//5 



2 STAINLESS STEEL CONSTRUCTION 



26 


/OO 


36/ 


26/ 


3400 


20.4 


2/3 


/4/4 


/3/6 


98 


6497 


//.8 


/75 


0.8 1 


472 


4S6 


//23 


/9/ 


27 


97 


399 


302 


2490 


/3.0 


/82 


/39S 


/32/ 


77 


6333 


//.9 


/3S 


0.7 6 


338 


S3S 


//OO 


/63 


28 


99 


483 


384 


/330 


379 


/44 


/420 


/33/ 


69 


64^6 


/2./ 


/22 


0.86 


67/ 


688 


/OSO 


/33 


Z3 


/O/ 


307 


206 


3470 


20.7 


/74 


/4/6 


/27S 


/3S 


33-47 


3 SO 


/33 


0.7 8 


373 


39/ 


//43 


/3I 


JO 


/OO 


336 


236 


24S3 


/2.0 


/S4 


/424 


/29/ 


/33 


3346 


370 


/30 


C.84 


447 


462 


///3 


/38 


31 


J04 


426 


322 


/390 


S,9Z 


/24 


/420 


/3/Z 


/OS 


3496 


389 


/04 


0.8 4 


353 


373 


/090 


//4 



TABLE III 
NONCOHRUGATED FLUTED TYPE HEATER 
Isothermal static pressxire drop data 



w 

(ib/hr) 


G 

(ib/hr ft^) 


^iso 
(lb/ft") 

(a) 


htr 
(Ib/ft^) 

(c) 


(ib/ft^) 


^ISO 

(b) 


t. L 
(b) 


^ ISO 

(cal cu- 
lated 
from 
data) 


He 


Air side 


1500 
2500 
1)-000 


13,^00 
22,300 
35.700 


10.9 
22.5 
65.0 


1.90 


9.0 

23.6 
53.6 


0.033 

.030 

.028 


0,710 
.6H6 
.60U 




17,100 
2g,600 
U5,500 


Gas side 


l+OOO 
6000 

gooo 


20,600 
30,900 

^■1,200 


2.23 
U.73 
8.10 






0.028 
.026 
.02^ 


0.329 
.323 

.29g 


0,027 
.026 
.025 


1+5,200 

67,800 
90,100 



^Pressure drops obtained from plots of AP against V, 

^1^0 obtained from fig. 7 of reference 3 (friction factor against Reynolds) 
^htr si^e obtained from predicted (tiso L/d) (See pg. 12) 
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TABLE IV 



COSEUGATED FLUTED TYPE HEATERS 
[lioni so thermal static pressure drop data 



w 


G 


AP. 

ISO 


= ^duct 


+ ^htr 


^ ISO I ^ ISO p y 


Re 


(it/hr) 


(it/hT ft^) 


(lt/ft=) 

(a) 


(It/ft^) 


(lD/ft3) 


(calculated 
from data) 





1, Copper Construction 



Air side 



1500 
2500 
Uooo 


lU,600 
2lf,300 
39,200 


17.6 
U3.I 

97.7 


9.00 
23.1 
56.1 


2.60 
20.0 
U1.6 


0.112 

.099 
.077 


2.62 
2.20 
1.71 


17,900 
29,700 
U2,700 








Gas side 




• 


f 


iwoo 
6000 

8000 


21,U00 
32,000 
U2,g00 


6.96 

13.9 
22.6 






0.111 

.099 
.090 


0.929 

.«23 
.202 


65,200 
97,600 
130,000 


2. Stainless-steel 


construction 




Air side 


1500 
2500 
1+000 


lU.UOO 
2U,000 
39,400 


12.2 
U6.2 
109. 


9.00 
23.1 
56.1 


9.20 
23.1 
52.9 


0.137 
.I2U 
.111 


2.22 

2.61 
2.3U 


12,600 
31,000 
50,900 








Gas side 








Uooo 
6000 

2000 


21,U00 
32,000 
U2,g00 


6.U9 
12.0 
18.6 






O.O9U1 

.077s 
.O67U 


0.923 
.762 
.661 


69,000 
90,U00 
132,000 















^Pressure drops obtained from plots of ZiP against W. 
"^^duct obtained from data on noncorrugated fluted heater (See text, 
pg. 12-) 
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TABLE V 

ITONCORRUGATED FLUTED TYPE HEATER 



[isothermal static pressure drop dataj 













Predicted 


Measured 










Measured 


noni so- 


noniso- 










isothermal 


thermal 


thermal 




Run 


W 


G 


pressure 


pressure 


iDres 


sure 










drop 


drop 


drop 






(llD/hr) 


(ib/hr ft^) 


AP. 

ISO 


APt 

ISO 


AP 


AP» 


AP 


AP« 










lb/ft2 


in. H5O 


ro/ft^ 


in. H2O 


l"b/ft^ 


in* H^O 










(^is 0 = 


^R) 
















(a) 
1 













Exhaust gas side 



56 

53 
51 


3560 
6610 


IS, 000 
2U,9t)0 

34,100 


1.81 

3.16 

5.66 


0.35 
;6i 
1.09 


5.8U 
10.1 

19.7 


1.12 

1.95 
3. 80 


7.3s 
13.0 
23.4 


1.U2 
2.50 

U«52 


1875 ISI5 18U 
1898 I832 186 
1888 I85O 186 










Air 


side 










52 
53 
55 


1610 
3000 
1+650 


lU.^OO 

26, goo 
Hi, 500 


12.5 
3S.9 

86. 9 


2.40 
7.50 
16.7 


19.1 
54.0 
112, 


10,l| 

21.6 


17.2 
50. U 

lOU.O 


3.31 
9.70 

20.0 


563 72U 6U 
562 7^3 65 
559 680 62 



'These entries are taken from plot of AP^ against Wg or AP^^ against 

since actual isothermaT. measurements were at slightly different fluid rates. 

12 

AP' = AP X in. HsO 

62. 3 
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TABLE VI 
COREUGATED FLUTED HEATER 



[Nonlsothermal static pressiire drop data 













Predicted 


Measured 














Measured 


noniso— 


noniso- 










W 


0 


isothermal 


thermal 


thermal 






"^av 








pressure 


pressure 


pressure 








Run 






drop 


drop 


drop 










(it/hr) 


(ib/hr ft^) 


^I'iso 


^^Tiso 


AP 




AP 


AP' 






(^R) 










in. H2O 


Ib/ft^ 


in. H2O 


Ib/ft^ 


in. H2O 









1. Copper heater 



Exhaust gas side 



16 


3580 


19,100 


6.00 


1.16 


21.9 


U.23 


20.8 


ij-.oo 


1902 


1837 


I87O 


12 


1+890 


26,100 


10.2 


1.96 




6.6U 


36.3 


7.00 


1902 


179^ 


18U8 


9 


6620 


35,^00 


16.6 


3.20 


55-7 


10.8 


62.8 


12.1- 


188^ 


1781 


1833 


Air side 


12 


1550 


15,100 


18. 5 


3.57 


29.9 


5.76 


27.8 


5.35 


570 


927 


7^9 


16 


2530 


2U,500 
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2, Stainless steel heater 
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entries are taken from plot of ZiP^ against Wg or ag^-inst ^ql* 

since actual isothermal measurements are at slightly different fluid rates. 



AP' = AP X 7— in. K2O 
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Figs. 1,3,3.4, 




Figure 1.- Photograpli of 
corrxigated- flute 
type heater (stainless 
ateel) . 




Figure 2.- Photograph of 
cor rugat ed- f lut e 
type heater (copper). 




Figure 3.- Photograph of air shroud used on flute-type 
heaters . 
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Figure 6.- Thermal output of non-corrugated 

flute type heater as a function 
of ventilating-air rate. 
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Figure 7, - Over-all thermal conductance of non- 
corrugated flute type heater as a 
function of ventilating-air rate. 
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Fie^re 8,- Static pressure drop on air side of non- 
corrugated flute type heater as a function 
of ventilating-Uir rate. 
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Figure 9.- Static pressure drop on the gas 

side of a non- corrugated flute 
type heater as a function of the exhaust- 
gas rate. 
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Figure 10.- Thermal output of corrugated-flute type 
heater as a function of ventilating-air- 

rate. 



NACA 



Fig. 11 



220f 




Predicted curves 
(for copper heater) 

^ Wg =6530 Ib/hr 



= 4890 Ib/hr 



s 3570 Ib/hr 



Experimental points 

Copper Stainless 

steel ^ , 
O- Wg = 6530 l\)/hr 

= 4890 Ib/hr' 

o 5 3570 Ib/hr 



1000 



2000 



3000 4000 

W_, Ib/hr 



5000 



6000 



7000 



Figure 11.- Over-all conductance of corrugated- 
flute type heater as a function of 
ventilating-air rate. 
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Fi^re 12.- Static pressure drop on ventilating-air 

side of a corrugated-flute type heater 
(stainless steel) as a function of ventilating-air rate. 



NACA 



Fig. 13 




Slope^so = 1.74- 



Measured non- isothermal 
pressure drop 



Predicted non-isothermal 
pressure drop 



Measured isothermal drop 



1000 



2000 



4000 6000 10000 
W., Ib/hr 



20000 



Figure 13»- Static pressure drop on ventilating-air 

side of corrugated-flute type (copper) 
heater as a function of ventilating-air rate. 
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Figure 14.- Static pressure drop on exhaust-gas side of corrugated- 
flute type heater (copper and stainless steel) as a 
function of exhaust-gas rate. 
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Figure 15.- Isothermal friction factor as a function of Reynolds 
niunber . 
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Fig.16.- Schematic Diagram of Solar Heaters and Air Shroud. 
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